Affinity purification coupled to mass spectrometry (AP-MS) represents a powerful and proven approach for the analysis of protein-protein interactions. However, the detection of true interactions for proteins that are commonly considered background contaminants is currently a limitation of AP-MS. Here using spectral counts and the new statistical tool, Significance Analysis of INTeractome (SAINT), true interaction between the serine/threonine protein phosphatase 5 (PP5) and a chaperonin, heat shock protein 90 (Hsp90), is discerned. Furthermore, we report and validate a new interaction between PP5 and an Hsp90 adaptor protein, stress-induced phosphoprotein 1 (STIP1; HOP). Mutation of PP5, replacing key basic amino acids (K97A and R101A) in the tetratricopeptide repeat (TPR) region known to be necessary for the interactions with Hsp90, abolished both the known interaction of PP5 with cell division cycle 37 homolog and the novel interaction of PP5 with stress-induced phosphoprotein 1. Taken together, the results presented demonstrate the usefulness of label-free quantitative proteomics and statistical tools to discriminate between noise and true interactions, even for proteins normally considered as background contaminants.
Introduction
Affinity purification coupled to mass spectrometry (AP-MS) is widely used for the identification of interaction partners for proteins of interest. This approach has been used for the identification of interaction partners for kinases, phosphatases and other molecules in yeast and human cells [1] [2] [3] . The identification of true interactions occurring in ''a sea'' of background contaminants is not trivial. To distinguish true interactions from contaminants, several groups have developed approaches to directly reduce background, such as performing sequential purification steps (e.g. Tandem Affinity Purification [4] ). However, the lengthy multistep purification processes required have major drawbacks. Notably, both weakly and transiently associated proteins are lost.
As an alternate approach, single-step purifications can be performed. However, the background is often much higher with this approach. With either a single-or multistep approach, typically a first step in the identification of true interactors is the removal of proteins that bind to the affinity matrix alone (or to another negative control). In addition, proteins that associate with a high percentage of different baits (''frequent flyers'') are also removed. These filtering methods are classically applied following the analysis of binary data (indicating the presence or absence of a protein). For example, high-throughput studies have systematically removed proteins copurified in an arbitrarily determined percentage of the analyses (e.g. 5% in the study of Ho et al. [5] ). Besides the obvious problem that the frequency filters are arbitrarily chosen, it is possible that a true high-abundance interactor for a given protein of interest (or bait) is also detected in lower abundance with other baits in negative control runs. For these reasons, obtaining a quantitative measure for the presence of the given hit or prey protein across all purifications may assist in determining the likelihood that the interaction is indeed significant. Quantitative approaches using stable isotopes have been successfully used to identify true interactions between molecules of interest (reviewed in [6] ), but these techniques are often costly and not necessarily amenable to the analysis of all samples. In recent years, the use of spectral counts (which are easily extracted from MS data) as a proxy for abundance measurement has gained widespread use (e.g. [7] ). We and others have made use of this quantitative information to help identify true interaction partners from background contaminants [3, 8, 9] .
Recently, we have developed a generalized computational approach for Significance Analysis of INTeractome (SAINT). SAINT was first used for the analysis of a global yeast kinase and phosphatase interactome [3] , and then extended as a generalized model including negative controls to networks of various scales [10] . The method utilizes labelfree quantitative data, such as spectral counts, to assign a confidence value to individual protein-protein interactions. SAINT performs semi-supervised analysis using data from control purifications and constructs separate distributions for true and false interactions to derive the probability of a bona fide protein-protein interaction.
To fully demonstrate the power of statistical analysis of spectral count distributions, we decided to analyze a challenging test case. The serine/threonine protein phosphatase 5 (PP5; PPP5C) offered such an example since PP5 is expressed ubiquitously in human tissues and is known to interact with the chaperonin heat shock protein 90 (Hsp90) (one of the major ''frequent fliers'' in AP-MS data). PP5 belongs to the PPP family of enzymes and shares a common mechanism for mediating the hydrolysis of phosphoprotein substrates with PP1-PP6 [11] . However, unlike PP1, PP2A and PP4, which obtain regulation and substrate specificity via interactions with scaffold, regulatory and substrate targeting subunits encoded by separate genes, a single gene encodes the PP5 catalytic domain along with unique N-and C-terminal domains that regulate both interactions with other proteins and catalytic activity [11] [12] [13] . Therefore, determining the biologically relevant interactions for PP5 is also needed to help understand the roles of PP5 in normal biology and human disease [14] .
In the current study, the use of the SAINT algorithm allows us to discern true interactions between PP5 and Hsp90. Interestingly, the most significant interactor for PP5 is an Hsp90 cochaperone, stress-induced phosphoprotein 1 (STIP1; also called HOP or STI1). STIP1 mediates interactions between Hsp90 and heat shock protein 70 (Hsp70); consistent with this, Hsp70 was also recovered in our analysis. The Hsp90 cochaperone cell division cycle 37 homolog (Cdc37) was also recovered in the PP5 purification, albeit in lower amount than STIP1. Analysis of the interactions mediated by Hsp90 allowed us to conclude that PP5 exhibits preference for STIP1 as compared with Cdc37.
Materials and methods

Expression plasmids
Human PP5 (NM_006247.2) was amplified by PCR, incorporating EcoRI/NotI sites along with a C-terminal FLAG sequence (MDYKDDDDK) by adding the appropriate sequence in the synthetic primers. PP5-FLAG was then cloned into pcDNA3 (pcDNA3-PP5-FLAG). Along with wt-PP5, a PP5-FLAG containing a mutated tetratricopeptide repeat (TPR)-domain (K97A and R101A) was generated using Stratagene QuikChange II Site-Directed Mutagenesis (pcDNA3-K97A-R101A-PP5-FLAG;DTPR-PP5-FLAG).
All constructs were sequenced in their entirety. pcDNA3-FLAG-PP4 (which encodes the PPP4C phosphatase) was described previously [15] . HSP90AA1 was amplified from BC023006 and cloned into the AscI/NotI sites of the vector pcDNA5-FRT-FLAG. pcDNA5-FLAG was constructed by subcloning the HindIII/XhoI cassette from pcDNA3-FLAG [15] into pcDNA5-FRT-TO (Invitrogen). An internal EcoRI site was removed by mutagenesis. HSP90AA1 was excised from the FLAG vector and shuttled into pcDNA5-FRT-eGFP. pcDNA5-FRT-eGFP was constructed by subcloning the HindIII/AscI cassette from pcDNA3-eGFP into pcDNA5-FRT-TO. CDC37 (DQ892174) and STIP1 (DQ893295) Gateway entry clones were cloned by recombination into vector pDEST pcDNA5/FRT/TO-eGFP (a kind gift from K. Colwill and T. Pawson).
Cell lines and stable expression
HEK293 cells, passage 15, were transfected in a 6-well format with the indicated plasmids ($0.3 mg pcDNA3-PP5-FLAG, 0.3 mg pcDNA3-K97A-R101A-PP5-FLAG). G418 treatment was used to select for stable transformed cell lines expressing PP5-FLAG, and Western analysis was used to determine the relative expression of PP5 (endogenous) and PP5-FLAG. Cells expressing the desired constructs were subcloned and monitored for expression levels. Cell lines expressing low levels of PP5-FLAG expression were chosen for further studies. Flp-In T-REx 293 cells were cotransfected with 0.2 mg of pcDNA5-FLAG-HSP90AA1 and 2 mg of pOG44, using lipofectamine PLUS (Invitrogen), according to the manufacturer's instructions, and selected in 200 mg/mL hygromycin. Stable cell clones were selected and the protein expression was induced by 1 mg/mL tetracycline for 24 h.
For MS analysis, cells were grown in 15 cm plates (using 10-12 plates per treatment group for PP5 and four plates for HSP90AA1). Prior to harvest, the plates were washed twice with 10 mL of ice-cold PBS. Cells were then harvested and collected in 0.75 mL of ice-cold PBS by centrifugation at 1500 Â g at 41C for 5 min. Cell pellets were resuspended and washed three times in ice-cold PBS. After the final wash, the excess PBS was removed and the pellet was frozen in liquid nitrogen and stored at À801.
FLAG affinity purification and MS analysis
FLAG-affinity purification was performed essentially as described previously [2] , with the following modifications: detergent concentration in the lysis buffer was 0.5% NP-40; the lysis buffer was added at 4 mL/g (wet cell pellet), and the cells were subjected to passive lysis (30 min) followed by one freeze-thaw cycle. Beads were washed three times in lysis buffer and three times in 50 mM ammonium bicarbonate. Samples were eluted with ammonium hydroxide, lyophilized in a speed-vac, resuspended in 50 mM ammonium bicarbonate (pH 8-8.3 ) and incubated at 371C with trypsin overnight. The ammonium bicarbonate was evaporated. The samples were resuspended in HPLC buffer A (2% acetonitrile, 0.1% formic acid) and then directly loaded onto capillary columns packed in-house with Magic 5 mm, 100A, C18AQ. MS/MS data were acquired in data-dependent mode (over 2 h, ACN 2-40% gradient) on a ThermoFinnigan LTQ, equipped with a Proxeon NanoSource and an Agilent 1100 capillary pump. Ã.mgf files were generated from ThermoFinnigan Ã.RAW files. The searched database was human RefSeq (version 37). Ã.mgf files were searched with the MASCOT search engine using the following parameters: partial trypsin digestion (allowing for one missed cleavage site); asparagine deamidation and methionine oxidation were set as variable modifications. The fragment mass tolerance was 0.6 Da (monoisotopic mass), and the mass window for the precursor was 73 Da. MASCOT results were parsed for further analysis into a software developed at the Samuel Lunenfeld Research Institute (ProHits: [16] ). Simple filters, based on the frequency of detection of a given hit across multiple purifications of similarly tagged and expressed baits were performed using the ProHits interface. Essentially, the database used consists of >200 FLAG-tagged baits, each expressed in HEK293 cells (or derivatives). Frequency filters were utilized to visualize the PP5 hits: at each of the cutoffs selected (e.g. 5, 10, 20%, etc.), the list of the PP5 interaction partners detected in >2 of the biological replicates was manually inspected.
SAINT analysis
SAINT converts the label-free quantification, such as spectral counts, for each prey protein identified in a purification of a bait into the probability of true interaction between the two proteins. For PP5 data, four biological replicates were used for each bait (wt-PP5, DTPR-PP5, HSP90AA1) alongside five negative control runs, consisting of a cell line expressing the FLAG tag alone. SAINT calculates scores differently depending on the availability of negative control purifications, and thus the implementation for spectral count data incorporating control purification data was used (details are described in the study of Choi et al. [10] ). The probability score was first computed for each prey in independent biological replicates separately (iProb). Then the final probability score for a pair of bait and prey proteins was calculated by taking the average of the probabilities in individual replicates (AvgP); final results with AvgPZ0.5 were further inspected. For the analysis of the PP5 data set, we used a simple averaging model (AvgP), which sums individual iProb (individual probabilities) and divides this number by the number of biological replicates performed. The selected cutoff of AvgPZ0.5 ensures that the interaction has been detected with high probability in at least two of the four replicates (or with moderate probability in all four replicates).
Validation of interactions by IP/Western
Endogenous PP5 and PP5-FLAG were detected as described previously [17] . Transient transfection in 293T cells was performed in 6-well dishes using previously described methods [2] . Post-transfection (48 h), cells were harvested and rinsed in PBS. Cells were lysed and the FLAG-tagged protein was immunoprecipitated from 1 mg cell extract using anti-FLAG M2 agarose beads. Immunoprecipitates were resolved by SDS-PAGE, and the proteins were transferred onto membranes. Immunoblots were performed as described in [2] 
Results
Generation of the interaction data set
To generate an interaction data set for the human PP5 phosphatase, PP5 was tagged at its C-terminus with a FLAG epitope, and the construct was stably expressed in human HEK293 cells. Cells expressing moderate amounts of PP5-FLAG proteins (Supporting Information Fig. 1 ) were harvested and four biological replicates were analyzed by MS. As two basic amino acids (K97 and R101) located in a near N-terminal TPR region of PP5 are known to mediate interactions between PP5 and chaperone Hsp90 [18] , a mutated form of PP5 in which these key amino acids were converted to alanine (DTPR-PP5-FLAG) was similarly expressed and harvested (n 5 4). In parallel, we performed analysis with five samples of cells expressing the FLAG tag alone.
Affinity purification coupled to MS analysis was performed on a ThermoFinnigan LTQ mass spectrometer. The data were searched using the MASCOT search engine, as detailed in Section 2. Data were analyzed with our laboratory information management system for interaction proteomics, ProHits [16] , and multiple sample comparison analysis was performed. The list of interactors without any filters yielded a total of 503 ''raw interactions'' for wt-PP5-FLAG and DTPR-PP5-FLAG (Supporting Information Table  1 ). As previously observed, determining which of these proteins specifically interact with PP5, and which do not, was difficult.
As an initial approach to determine the true interaction partners for PP5, we first applied a simple frequency filter cutoff. For this, we also looked at the recovery of each of the different proteins across multiple analyses using the same protocol for different projects (Section 2). However, with this approach, the known partner of PP5, Hsp90, was observed in $70% of all AP-MS; using a frequency filter of 5% essentially removed Hsp90 and all putative interactions (not one of the remaining proteins was detected in more than two of the biological replicates; data not shown).
wt-PP5
ΔTPR-PP5 Figure 1 . Schematics of the experimental and analytical pipeline. (A) wt-PP5-FLAG, DTPR-PP5-FLAG or FLAG alone cells lines were generated, and subjected to AP-MS analysis in four biological replicates. The grey circle represents a nonspecific interaction partner which associates to the FLAG alone, the orange circle represents an interaction partner for the wt and mutant PP5 which is not recovered in the FLAG alone purifications. The blue circle represents a protein that strongly interacts with wt but not DTPR PP5, yet can also be detected in lower abundance in purifications of the FLAG alone. (B) Schematic representation of the spectral counts for the blue, orange and grey proteins across the four biological replicates. (C) Typical results obtained using simple binary contaminant filtering, such as frequency filters or the removal of all hits identified in the FLAG alone sample. While the orange and grey proteins are successfully identified as specific and background, respectively, the blue protein is erroneously labeled as a contaminant, resulting in a false-negative identification. (D) SAINT utilizes a semi-supervised mixture model of the spectral count distribution of each protein across the negative control runs (blue line) and provides probability values that each bait-prey interaction is real.
SAINT
Next, the MS results were subjected to SAINT analysis (for an overview of the approach, see Fig. 1 ), using a version of the SAINT algorithm that was modified from its initial application (i.e. the analysis of yeast kinase and phosphatase interaction networks [3] ). This version of SAINT [10] incorporates negative control runs into the model. The SAINT model also takes into consideration data from the biological replicates, essentially increasing the confidence for interactions that are detected repeatedly in the analyses of multiple biological replicates. Application of SAINT led to the recovery of seven interaction partners with an AvgPZ0.5 with wt-PP5-FLAG. Application of the statistical tools recapitulated the previously reported interaction of wt-PP5 with Hsp90. HSP90AA1 and HSP90AB1
were recovered with an AvgP of 0.69 and 0.84, respectively (Table 1 and Supporting Information Table 1 ). The average spectral count distribution of HSP90AB1 across all purifications of wt-PP5 was $56, as compared with $6 for FLAG alone. In addition, in accordance with the published data, mutations in the TPR repeat domains prevented this interaction, and the average spectral counts were $2 for DTPR-PP5.
The most significant interaction partner of wt-PP5 was STIP1 (also called HOP; AvgP 5 1), which is an Hsp90 cochaperonin. STIP1 was recovered with an average spectral count of $39 in the PP5 samples, but never detected in the FLAG alone samples or the TPR mutant. The Hsp70 proteins HSPA8 and HSPA1B were recovered with an AvgP of 0.94 and 0.9, respectively. Other likely interactors for wt-PP5-FLAG include CCT4 (AvgP 0.67) and the Hsp90 cochaperonin Cdc37 (AvgP 0.5). These interactions are all likely mediated by the TPR region of PP5, as no interactors with a SAINT AvgPZ0.5 (with the exception of the bait) were detected with the TPR-mutant. We next attempted to identify whether PP5 exhibited preferential interaction with specific Hsp90 subcomplexes or whether the apparent enrichment of STIP1 in the PP5 immunoprecipitates simply reflected the abundance of this protein in the Hsp90 complexes. To do so, we generated a stable cell line expressing a tetracycline-inducible version of Hsp90 (HSP90AA1) and analyzed four biological replicates by AP-MS and SAINT analysis. Hsp90 recovered many more statistically significant interactors with an AvgPZ0.5 (22) as compared with PP5. Interestingly, Hsp90 was associated with a large number of Cdc37 peptides, whereas this cochaperonin was detected in much smaller amounts in the PP5 immunoprecipitates. Tubulins and FK506-binding proteins were very abundant in the Hsp90 sample, yet they were very minor components of the PP5 immunoprecipitates ( Fig. 2 ; Table 1 , Supporting Information Table 1 ). Taken together, these results indicate that PP5 may preferentially interact with an Hsp90-Hsp70-STIP1 complex.
Validation of interactions
To validate the interactions detected, we first tested whether we could reproduce the interaction between wt-PP5 and its known interactors, Hsp90 and Cdc37, in a coimmunoprecipitation/immunoblotting assay. GFP-tagged Hsp90 or Cdc37 were cotransfected with wt-PP5-FLAG, DTPR-PP5-FLAG or the related phosphatase FLAG-PP4 (used here as a negative control). FLAG-tagged proteins were precipitated using M2 agarose, and immunoblotting was performed using anti-FLAG and anti-GFP antibodies. wt-PP5-FLAG, but not DTPR-PP5-FLAG or FLAG-PP4, readily recovered both GFP-Hsp90 and GST-Cdc37, as expected ( Fig. 3 ; compare lane 7 with lanes 8 and 9, and lane 10 with lanes 11 and 12) .
We next tested whether we could recapitulate the new interaction with STIP1 in this assay and to determine whether the interaction between STIP1 and PP5 may be affected by the expression of Hsp90 (and vice versa). As shown above, GFP-Hsp90 was readily recovered with wt-PP5-FLAG (Fig. 4, lane 6) . GFP-STIP1 was also recovered with wt-PP5-FLAG (lane 5). Cotransfection of GFP-Hsp90 and GFP-STIP1 did not alter the amount of GFP-STIP1 recovered with wt-PP5-FLAG; however, Hsp90 recovery was markedly reduced (lane 7), indicating that STIP1 may affect association between PP5 and Hsp90. As expected, DTPR-PP5-FLAG was unable to interact with Hsp90 (lane 8). In addition, DTPR-PP5-FLAG did not interact with STIP1, confirming that the TPR domain of PP5 is needed for both interactions.
Discussion
PP5 is expressed ubiquitously in human tissues and orthologs are highly conserved among species. Nonetheless, determining the cellular roles played by PP5 has been challenging. As described above, we have used a combination of AP-MS and statistical analysis of spectral count distribution to recapitulate the known interactions of PP5 Table 1 ; all interaction partners have an AvgPZ0.5. The thickness of the lines is proportional to the total spectral counts for the hits in the four biological replicates purifications of the bait.
with Hsp90 [18, 19] , Cdc37 [20, 21] and Hsp70 [22] . In addition, we identify STIP1 as a new interaction partner.
Currently, the biological roles played by PP5 are a matter of considerable debate. Many studies have used siRNA or antisense oligonucleotides to suppress PP5 protein levels, and the effects of constitutive PP5 expression in trans has also been examined in both yeast and human cells. These studies suggest that changing the level of PP5 protein affects the actions of: (i) transcription factors, including p53 [23] , estrogen receptors [14, 24, 25] and glucocorticoid receptors [18, [26] [27] [28] ; (ii) protein kinases, including ASK1 [17, 29] ), eIF2a kinase [21] ataxia telangiectasia mutated/ ATM-Rad3-related (ATM/ATR) [30, 31] , IKKb [32] , JNK [17] and Raf1 [33] ; (iii) and other proteins, including the G12a/ G13a subunits of heterotrimeric G proteins [34] Rac [35] and Tau [36] . Interestingly, all of the proteins listed above that are influenced by altering PP5 expression are known to interact with Hsp90, mostly as clients [37] . This may indicate that the interaction of PP5 with Hsp90 acts to modulate the chaperone activity of Hsp90, a concept that has been proposed previously [20, 21] .
Alternatively, Hsp90 may act to activate PP5. In vitropurified PP5 has little catalytic activity, which mutational and structural studies indicate is due to the interactions between an N-terminal inhibitory domain and a novel C-terminal J-helix [11] [12] [13] 38] . In both Saccharomyces cerevisiae and human cells, PP5 associates with Hsp90 via interactions between the N-terminal TPR domains of PP5 and a C-terminal ''TPR-dock'' in Hsp90 [12, 28] . In reconstitution studies binding to Hsp90 disrupts, the autoinhibitory conformation maintained by the interaction of the TPRdomains with the J-helix and catalytic domain. Therefore, the association of PP5 with Hsp90 may ''activate'' PP5 by allowing substrate access to the catalytic site [13] . This model for PP5 activation is supported by the studies showing that when PP5 is contained within a heterocomplex with Cdc37 and Hsp90, PP5 can efficiently dephosphorylate Cdc37 [20] .
GFP-Cdc37 GFP-Hsp90 . STIP1 interacts with wt-PP5, but not a TPR mutant. Immunoprecipitation on anti-FLAG (M2 agarose) beads was performed on lysate from HEK293T cells transiently coexpressing the indicated FLAG-and GFP-tagged constructs. Immune complexes were resolved by SDS-PAGE followed by transfer to nitrocellulose. Coprecipitation of GFP-tagged proteins was detected by immunoblotting (IB) for the GFP tag (top panels; position of the tagged proteins is indicated by arrows). The precipitated FLAG-tagged protein was detected with anti-FLAG antibodies (bottom panels). Total protein lysate (left) was analyzed in parallel to the immunoprecipitation (right) to monitor the protein expression.
In conclusion, while further studies are needed to clarify the biological roles of PP5, essentially all data obtained to date are consistent with the data presented here, demonstrating that the interaction of PP5 with Hsp90 represents a biologically relevant event. This physiologically relevant interaction would be missed by the application of a simple frequency filter. For example, Hsp90 is copurified with >70% of the baits analyzed by FLAG AP-MS in our internal interaction database (n>200; [2, [39] [40] [41] [42] ). Importantly, this test case also indicates that the quantitative and statistical analysis provided by SAINT offers an efficient tool for the identification of true interaction partners, even if these partners are detected as low-level background noise across multiple IPs (or even negative control data). Within the context of larger-scale experiments, the application of such approaches will be essential for the identification of meaningful interactions involving proteins often removed as likely contaminants (e.g. cytoskeletal or ribosomal proteins).
